The carrier-envelope-phase and energy stability of formerly proposed accelerator-based attosecond source is investigated numerically. Carrier-envelope-phase stable pulses with tens of nJ energy and 80 as duration are predicted with 31 mrad phase stability.
Introduction
In recent years a few phenomenon depending on carrier-envelope-phase (CEP) was recognized [1] . Waveform-controlled few-cycle laser pulses enabled the generation of isolated attosecond pulses and their application to the study of electron dynamics in atoms, molecules, and solids [2] .
EUV pump-EUV probe experiments can be carried out at free-electron lasers (FELs) [3, 4] ; however, the temporal resolution is limited to the fs regime. We proposed a robust method for producing waveform-and CEPcontrolled attosecond pulses in the EUV spectral range [5] . Various schemes, such as the longitudinal space charge amplifier [6] , or two-color enhanced self-amplified spontaneous emission (SASE) [7] were proposed for attosecond pulse generation at FELs. A very recent scheme suggests possible generation of sub-attosecond pulses in the hard Xray region [8] . But the stochastic pulse shape is disadvantageous, furthermore there are no reliable techniques available for CEP control of attosecond pulses. In contrast, with our proposed method CEP stable attosecond pulse generation is possible. Here we investigate the feasibility and stability of this technique.
Simple Setup
Our proposed setup is shown in Fig. 1 . A relativistic electron beam e.g. from a linac is sent through a modulator undulator where a TW-power laser beam is superimposed on it in order to generate nanobunches by the inverse free-electron laser (IFEL) action. The nanobunched electron beam then passes through a radiator undulator consisting of a single or a few periods. The radiator undulator is placed behind the modulator undulator at a position where the nanobunch length is shortest. Of course, efficient coherent radiation generation is possible only if the nanobunch length is shorter than the half period of the radiation. 
Simulation method and results
The General Particle Tracer (GPT) [9] numerical code was used for simulation of microbunching in the modulator undulator. In the simulations the parameters of the electron bunch before the nanobunching were chosen according to published parameters of the electron bunches created by the accelerator of FLASH II at DESY, Germany (J charge=250 pC, emittance=1.4 mm mrad) [10, 11] . Inside the modulator undulator the interaction between the electrons, the magnetic field of the undulator, and the electromagnetic field of the modulator laser with 516 nm wavelength and 10 TW power introduces a periodic energy modulation of the electrons. This energy modulation leads to the formation of nanobunches in the drift space behind the undulator. The charge of a single nanobunch is 1.0 pC and its length is as short as 6 nm (at 4.9 m behind the center of the modulator undulator).
The temporal shape of the ultrashort pulses emitted by these extremely short electron nanobunches in the radiator undulator were calculated at a plane 8 m behind the middle of the radiator undulator. In these calculations electron bunches with J = 2000 relativistic factor and 60 Pm transversal size were assumed.
In one series of a calculations the undulator parameter was varied in the range of K = 0.5÷2.0 and the O u undulator period was chosen such that for each value of K the radiation wavelength was kept at 20 nm and 60 nm, respectively (Fig 2a) . The pulse energies in both cases show saturation. The reason is that higher K results in more pronounced harmonics of the radiation wavelength, and for shorter wavelengths destructive interference occurs. The energy percent of the main spectral component is decreasing with K, as shown in Fig 2a inset . According to the calculations, single-cycle 80-as pulses with 60 nJ energy at 20 nm, and 240-as pulses with 400 nJ energy at 60 nm can be generated. In another series of calculations the initial spatial distributions of the electrons was random, but the electron bunch length was kept constant for each run. The temporal shapes of the generated attosecond pulses is displayed in Fig 2b. As shown in this figure, the standard deviation of the CEP is 31 mrad.
Furthermore, the dependence of the generated attosecond pulse energy on the modulator laser stability, on the laser pulse duration, and on the distance between radiator and modulator undulators was investigated. The result of these calculaions will also be presented. In conclusion, the predicted tens-of-nJ energy of the attosecond pulses enables to use them as pump pulse in pump-probe measurements. Pulses with the predicted exceptional parameters can enable time-and CEP-resolved measurements with sub-100-as resolution.
